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Fig. 1.8. Reactor antineutrino disappearance probability as a function of distance from

the source. The values of the mixing parameters are given in Eq. 12. P12 is the slowly

rising blue curve. P13 is the green curve that has a maximum near 2 km. The total

disappearance probability Pdis is the red curve.

0.10 the relative size of P12 compared to P13 is about 25% to 2.6% at the first oscillation maximum. Yet the1233

contribution of the uncertainty of P12 to the uncertainty in determining sin2 2θ13 is always less than 0.005.1234

In Fig. 1.9, Pdis integrated over E from 1.8 to 8 MeV is shown as a function of the baseline L for three1235

values of ∆m2
32 that cover the allowed range of ∆m2

32 at 95% C.L. as given in Eq. 3. The curves show the1236

location of the oscillation maximum is sensitive to ∆m2
32. For ∆m2

32 = (1.8, 2.4, 2.9) × 10−3 eV2, the1237

oscillation maximum occurs at a baseline of 2.5 km, 1.9 km, and 1.5 km, respectively.‡ From this simple1238

study, placing the detector between 1.5 km and 2.5 km from the reactor looks to be a good choice.1239

We conclude from this phenomenological investigation that the choice of L be made so that it can cover1240

as large a range of∆m2
31 as possible. A baseline near 2 km is particularly attractive since it is least sensitive1241

to the value of∆m2
31.1242

1.2.5 Precision Measurement of θ131243

The value of sin2 2θ13 can be determined by comparing the observed antineutrino rate and energy

spectrum with predictions assuming no oscillations. The number of detected antineutrinos Ndet is given by

Ndet =
Np

4πL2

∫

εσPsurSdE (13)

where Np is the number of free protons in the target, L is the distance of the detector from the reactor, ε is1244

the efficiency of detecting an antineutrino, σ is the total cross section of the inverse beta-decay process, Psur1245

‡The latest MINOS results [8] yielded a mean value of∆m
2
32 almost identical to that shown in Eq. 3 but with smaller uncertainties

such that the 2σ limits are 2.0×10
−3eV2 and 2.8×10

−3eV2. Hence, the curve responding to the lower range of∆m
2
32 in Fig. 1.9

will shift closer towards the solid curve should the MINOS error is used in the calculation.
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sin2(2θ) > 0.90, 90% C.L.
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Fig. 53. Positron yields for reactor 1 and 2; the solid curves
represent the predicted positron yields corresponding to the
best-fit parameters, the dashed one to the predicted yield for
the case of no oscillations

simulated experiments have λ <λ c. The 90% confidence
domain then includes all points in the (sin2(2θ), δm2)
plane such that

λexp(θ, δm2) < λc(θ, δm2), (56)

where λexp is evaluated for the experimental data for each
point in the physical domain.

The acceptance domain at the 90% C.L. (solid line)
is shown in Fig. 55; all the parameters lying to the right
of the curves are excluded by CHOOZ with the indicated
confidence level, while the parameter regions on the left
are still compatible with our data. The region allowed by
Kamiokande for the νµ → νe oscillations is also shown for
comparison; this hypothesis, a possible explanation for the
νµ deficit in the atmospheric neutrino flux, is excluded.
The δm2 limit at full mixing is 7 · 10−4 eV2; the limit for
the mixing angle in the asymptotic range of large mass
differences is sin2(2θ) = 0.10.

10.2 Two-distance test (Analysis B)

The predicted ratio of the two–reactor positron yields
equals the ratio of the corresponding survival probabili-
ties. At full mixing (sin2(2θ) = 1) and at low mass differ-
ences (δm2 ≈ 10−3 eV2), this ratio can be approximated
by

R ≈
[
1 −

(
1.27δm2L1

Eν

)2
] [

1 +
(

1.27δm2L2

Eν

)2
]

≈ 1 − 2
(

1.27δm2
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)2

LδL, (57)
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Fig. 54. Measured ratio of experimental positron yield, com-
pared with the predicted ratio in the best oscillation hypothesis
(solid line) and in the case of no oscillations (dashed line)

where L is the average reactor-detector distance and δL
is the difference of the two distances. Therefore an exper-
iment which measures this ratio with an uncertainty σ is
sensitive to oscillations down to mass-difference values as
low as

δm2 ≈ Eν

1.27

√
kσ

2LδL
, (58)

k being the number of standard deviations corresponding
to the chosen confidence level. This value can be com-
pared to the sensitivity limit δm2

0 inherent in analysis A
by noting that

δm2 ≈
√

L

2δL
δm2

0 ≈ 2δm2
0 ≈ 1.5 · 10−3 eV2 (59)

Although twice as large, this limit is lower than the lowest
δm2 value allowed by Kamiokande (see Fig. 55). The ratio
R(Ei) ≡ X1(Ei)/X2(Ei) of the measured positron yields
must be compared with the expected values; since the ex-
pected yields are the same for both reactors in the case of
no-oscillations, the expected ratio for the i-th energy bin
reduces to the ratio of the average survical probability in
that bin. We can then build the following χ2 statistic:

χ2 =
7∑

i=1

(
R(Ei) − R(Ei, θ, δm2)

δR(Ei)

)2

(60)

where δR(Ei) is the statistical uncertainty on the mea-
sured ratio. The minimum χ2 value (χ2

min = 0.78 over 5
d.o.f.) occurs at sin2(2θ) = 1 and δm2 = 0.6 eV2; the com-
patibility of the no-oscillation hypothesis is still excellent
(see Fig. 54), as χ2(0, 0) = 1.29.

We adopted the same procedure described in the pre-
vious section to determine the confidence domain in the

sin2(2θ13) ≤ 0.1

APOLLONIO,2003
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Fig. 8. Positron spectra at the startup and during the first
cycle of the CHOOZ reactors at maximum daily neutrino lu-
minosity

to the decrease of the 235U concentration, a reduction of
the neutrino interaction rate is observed and a softening
of the neutrino spectrum is expected. The energy spec-
trum of the positrons coming from (2) is essentially the
antineutrino spectrum shifted in energy and weighted by
the cross section (10). So, following (7), each positron is
assigned a weight given by

Se+(Te+) =
Np

4πd2 σ(Eν)Sν(Eν), (13)

where d is the distance from the neutrino production point
to the detector and the positron kinetic energy Te+ is given
by (9). Figure 8 shows the positron yield obtained by gen-
erating the neutrino spectra drawn in Fig. 7 in one day of
data taking with both reactors at full power. Although the
generated neutrino luminosity is the same, the decrease of
the positron yield with the reactor operating time is evi-
dent. The evolution of the positron spectrum must be fol-
lowed very accurately in order to reproduce the hardware
threshold effects on the positron detection. As an imme-
diate consequence, also the integral neutrino interaction
rate is expected to vary significantly during the reactor
fuel cycle. A decrease of about 10% has been forecast for
the cross section per fission (which is linear with the in-
teraction rate, according to (7)) during the first cycle of
the CHOOZ reactors, as shown in Fig. 9. The measured
neutrino rate as a function of the burn-up will be shown
and compared to the expected behaviour, under the no-
oscillation hypothesis.

3 The experiment

3.1 The site

The detector was located in an underground laboratory
about 1 km from the neutrino source (see Fig. 10). The
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Fig. 9. Cross section per fission as a function of the reactor
burn-up. The contribution of each fissile isotope is also shown
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Fig. 10. Overview of the experiment site with indication of
the source-detector distance and rock overburden

300 MWE rock overburden reduced the external cosmic
ray muon flux by a factor of ∼ 300 to a value of
0.4 m−2s−1, significantly decreasing the most dangerous
background, which is caused by fast neutrons produced
by muon–induced nuclear spallations in the materials sur-
rounding the detector. This cosmic ray shielding was an
important feature of the CHOOZ site. As shown in Fig. 12,
the rock shielding preserved the signal to noise ratio of
previous reactor experiments, in spite of a reduction by a
factor ∼ 100 of the neutrino flux due to the larger distance
from the reactors. The characteristics of the site were thor-
oughly assessed before and after the set–up of the exper-
iment. We measured the cosmic ray flux and angular dis-



DAYA BAY

I

Executive Summary83

This document describes the design of the Daya Bay reactor neutrino experiment to be constructed at84

the Daya Bay nuclear power complex in Shenzhen, China. This is an international project with collaborating85

institutions from China, the United States, Russia and the Czech Republic. This experiment will precisely86

determine the last unknown neutrino mixing angle θ13 with a sensitivity of 0.01 or better in sin2 2θ13 at the87

90% confidence level through a measurement of the relative rates and energy spectra of reactor antineutrinos88

at different baselines.89

Experimental Site
90

The Day Bay nuclear power complex is one of the most prolific sources of antineutrinos in the world.91

Currently the two pairs of reactor cores (Daya Bay and Ling Ao, separated by about 1.1 km) generate92

11.6 GWth of thermal power; this will increase to 17.4 GWth by early 2011 when a third pair of reactor cores93

(Ling Ao II) is put into operation and Daya Bay will be among the five most powerful reactor complexes in94

the world.95

The site is located adjacent to mountainous terrain, ideal for siting underground detectors that are well96

shielded from cosmogenic backgrounds. The basic experimental layout of Daya Bay consists of three un-97

derground experimental halls, one far and two near, linked by horizontal tunnels as shown in Fig. 0.1.

Daya Bay
cores

Ling Ao
cores

Ling Ao II
cores

Daya Bay
near 

Ling Ao 
near 

Far 

Fig. 0.1. Default configuration of the Daya Bay experiment, optimized for best sensi-

tivity in sin22θ13. Four detector modules are deployed at the far site and two each at

each of the near sites.

98

Experimental Setup
99

Figure 0.1 shows the detector deployment in the underground halls. Eight identical cylindrical detectors,100

(
n→ p + e− + ν̄e

)
→

(
p + ν̄e → n + e+

)
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Figure 16. Illustration of the luminosity scaling of the sin2 2θ13 sensitivity at 90% CL
of a fictitious reactor experiment. The horizontal axis shows the number of events in
the far detector at a distance of 1.5 km from the reactor. We show the sensitivity
for statistical errors only (red), as well as various values for the relative normalisation
uncertainty between near and far detectors (blue curves with labels). The magenta
and green curves show the sensitivity obtained for using only shape and only rate
information, respectively.

the 1/
√
N scaling, see e.g., Refs. [122, 146] for a discussion. If only the total rate

without any spectral information is used, the final sensitivity is just given by the over-

all normalisation uncertainty, as illustrated by the green curve in fig. 16. To get a feeling

about the three reactor experiments Double Chooz, RENO, and Daya Bay in relation

with fig. 16 we recall the expected events per year given in tab. 2 as (1.5, 3, 10)× 104,

respectively. Note, however, that the figure is for a fixed far detector baseline of 1.5 km
and one single reactor, which does not correspond to any of the three experiments, and

therefore the figure cannot be applied exactly to the specific experimental configurations.

We note that especially the high-statistics experiment Daya Bay, with let’s say

3 × 105 events after 3 years, is quite sensitive to the achieved systematic. This is

illustrated in fig. 15, where we show the Daya Bay sensitivity for different choices

on systematics. The four lines correspond to various assumptions on the relative
normalisation uncertainty of the 8 detector modules. For the most conservative limit

we assume the same uncertainty as claimed by Double Chooz, 0.6%, and take this error

correlated between detector modules at each detector site. The Daya Bay “baseline”

systematics is 0.38%. The two dashed curves correspond to this value assuming it either

correlated or uncorrelated among detector modules at one site. The most aggressive

curve shown in fig. 18 assumes the “goal” value of the systematics of 0.18%, uncorrelated
between all detector modules. Let us stress that of course systematics are also crucial

for Double Chooz and RENO. In those cases we have adopted a systematical error of

0.6%, as stated in the proposals. The final Double Chooz and RENO sensitivities will

MEZZETO, ARXIV 1003.5800 
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10 CM CELL ATTENUATION 
MEASUREMENTS
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